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© Method and apparatus for forming and dispensing coating material containing multiple 
components. 


© A method and apparatus for combining multiple 
components to form a coating material formulation in 
which one of the components is a resin, another 
component is a supercritical fluid employed as a 
fluid diluent, and, preferably.the third component is a 
catalyst. Two of the components are transmitted 
through separate flow paths to a first mixer (14) 


within which they are combined to form a mixture, 
and then the third component is added to the mix- 
ture in a second mixer (15) to form the coating 
material formulation for discharge by one or more 
coating dispensers or spray guns (12) onto a sub- 
strate. 
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This invention relates to coating systems and 
more particularly to a method and apparatus for 
combining a liquid coating composition or resin, a 
supercritical fluid and, preferably, a third compo- 
nent such as a catalyst, in order to produce a 
coating material solution or formulation wherein the 
proportion of supercritical fluid and catalyst are 
adjusted in direct relation to the pressure of the 
resin and by a comparison of the actual ratio of the 
resin flow to the flow of each of such components, 
with predetermined, desired ratios. 

In recent years, substantial efforts have been 
expended in the coating and finishing industry to 
reduce the organic solvent content of coating ma- 
terials such as paint in order to avoid adverse 
environmental effects created by the solvents. 
Even high solids coating compositions, having a 
solids content of up to 60% percent by volume, 
include liquid solvent components which can es- 
cape during handling, atomization or deposition on 
a substrate, thus creating environmental and health 
hazards. 

It has previously been proposed in Cobb's U.S. 
Patent No. 4,247,581 to reduce the solvent content 
in paint by mixing a liquid or gas-blowing agent 
into the paint to produce an easily-atomized, 
foamed solution just prior to the spray orifice of a 
dispenser. Rehman, et al. U.S. Patent No. 
4,630,774, improved on this concept by designing 
a foaming chamber and turbulence-inducing device 
into the dispenser to better control the formation of 
the foam prior to the spray orifice. U.S. Patent Nos. 
4,505,406; 4,505,957; and 4,527,712 also disclose 
concepts for intermixing liquid or gas blowing 
agents into paint formulations to reduce solvents. 

More recently, U.S. Patent No. 4,923,720 to 
Lee, et al. disclosed a method and apparatus for 
the production of a coating formulation in which a 
substantial amount of the liquid solvent component 
is removed and replaced with a supercritical fluid 
such as supercritical carbon dioxide which func- 
tions as a diluent to enhance the application prop- 
erties of the coating formulation. The supercritical 
carbon dioxide and some liquid solvent material, 
e.g. about two-thirds less than is required in other 
coating compositions, are intermixed with polymer- 
ic and pigmentary solids to form a coating material 
solution or formations having a viscosity which fa- 
cilitates atomization through an airless coating dis- 
penser. As the coating material formulation is dis- 
charged from the dispensing device toward a sub- 
strate, the supercritical carbon dioxide "flashes off" 
or vaporizes to assist in atomization of the high 
solids coating composition and to reduce drying 
time of the composition on the substrate. Such 
coating material formulation, like the earlier prior 
art, has the advantage of substantially reducing the 
adverse environmental effects caused by coating 


compositions having a high solvent content. 

U.S. Patent No. 4,923,720 discloses an appara- 
tus in which a liquid coating composition and a 
supercritical fluid are supplied from separate sour- 

5 ces to a mixer wherein the two components are 
combined to form a coating material solution or 
formulation which is delivered to one or more coat- 
ing dispensers for deposition onto a substrate. In 
the embodiment of the system disclosed in the 

w Lee, et al. patent, the liquid coating composition 
and supercritical fluid are each introduced into the 
system by a separate piston pump. These two 
piston pumps are slaved together by a shaft which 
extends between the pistons of the two pumps, and 

15 the shaft position is adjusted to control the length 
of the piston stroke in each pump. The length of 
each piston stroke, in turn, governs the volume of 
the liquid coating composition and the volume of 
the supercritical fluid entering the system. 

20 A number of problems with the design de- 

scribed in patent 4,923,720 have been addressed 
in U.S. Patent Application Serial No. 07/728,051 
filed July 15, 1991 entitled "Method and Apparatus 
for Forming and Dispensing Single and Multiple 

25 Phase Coating Material Containing Fluid Diluent" to 
Saidman, et al., which is owned by the assignee of 
this invention. As noted in that application, a princi- 
pal limitation of the system of US Patent No. 
4,923,720 is that control of the relative proportion 

30 of liquid coating composition to supercritical fluid is 
difficult. This is because adjustment of the volume 
of one material entering the system automatically 
produces an adjustment of the volume of the other 
material since the two piston pumps which intro- 

35 duce such materials are slaved together by a com- 
mon shaft. No provision is made in the Lee, et al. 
system for adjustment of the volume of one ma- 
terial introduced into the system independently of 
the other, and/or to take into account such vari- 

40 ables as pump cavitation, fluid viscosity, leakage of 
supercritical fluid, uneven mixing of the supercrit- 
ical fluid and liquid coating composition and other 
variables. 

The invention disclosed in Patent Application 
45 Serial No. 07/728,051 overcomes many of these 
problems with a system in which supercritical fluid 
and liquid coating composition or resin are intro- 
duced from separate sources into a loop or con- 
tinuously-circulating flow path wherein the two ma- 
50 terials are combined to form a coating material 
solution or formulation which is then supplied to 
coating dispensers for deposition onto a substrate. 
In order to maintain the proper proportion of super- 
critical fluid and resin, a control system is provided 
55 which monitors a parameter of the formulation 
which can be correlated to either the fluid diluent 
content or the resin content of the formulation. In 
the preferred embodiment of Serial No. 07/728,051 , 
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such control system includes a capacitor located 
downstream from a point at which the fluid diluent 
and resin are intermixed. This capacitor forms part 
of a capacitance bridge or capacitance sensing 
circuit which produces a signal corresponding to 
the dielectric constant of the mixture. This dielec- 
tric constant can be correlated to the fluid diluent 
content of the mixture, and, depending upon the 
capacitance sensed by the capacitor, a control 
valve is operated by a computer associated with 
the capacitance sensing circuit to adjust the flow of 
supercritical fluid supplied to the loop so that a 
predetermined proportion or ratio of supercritical 
fluid-to-resin is maintained. 

One potential problem with systems of the type 
disclosed in Serial No. 07/728,051 can occur in 
applications wherein a fluctuating demand for the 
formulation is required. For example, in some ap- 
plications, a number of coating dispensers may be 
intermittently turned on or off, and/or dispensers 
may be operated independently of one another 
such that different numbers of dispensers are 
turned on while others are not operating. As noted 
above, the system of Serial No. 07/728,051 main- 
tains the proper ratio of supercritical fluid-to-resin 
by first intermixing these components within a cir- 
culating flow path or loop, sensing the capacitance 
of the mixture and_then adjusting the quantity of 
supercritical fluid introduced into the loop depen- 
dent upon the sensed capacitance. But there may 
be instances where the demand for the formulation 
is so high, e.g. by suddenly turning on a large 
number of dispensers, that the mixture of super- 
critical fluid and resin cannot be circulated around 
the loop in order to sense its capacitance and 
adjust the input of supercritical fluid before the 
mixture must be discharged to the coating dispens- 
ers. As a result, the relative proportion of super- 
critical fluid-to-resin may not be maintained as pre- 
cisely as desired during such periods of widely- 
fluctuating flow requirements. 

Another potential problem with systems of the 
type disclosed in U.S. Patent No. 4,923,720, and 
Serial No. 07/728,051, is that color change oper- 
ations are relatively time consuming and difficult. 
This is because in systems of this type, both the 
resin and supercritical fluid are introduced into a 
common circulating flow path or loop where they 
are combined prior to discharge to one or more 
coating dispensers. In order to change from a resin 
of one color to another, the entire loop must be 
flushed of the old resin, including each element 
within such loop, before a new colored resin can be 
introduced into the system. This operation can be 
time consuming and, hence, unacceptable for cer- 
tain applications. 

In addition to the foregoing, systems of the 
type disclosed in U.S. Patent No. 4.923.720, and 


application Serial No. 07/728,051 to Saidman, et 
al., are intended to form coating material formula- 
tions or mixtures comprising resin and supercritical 
fluid as a diluent. No provision is made for the 

5 addition of other components or for controlling the 
proportion of such other components in the overall 
mixture. In certain applications, such as, for exam- 
ple, when rapid drying tame is advantageous, "two 
component" coating material formulations such as 

io paints are desirable. Two component paints gen- 
erally comprise a "high volume component" con- 
sisting of polymeric pigmentary solids and organic 
solvents, and a "low volume component" such as a 
catalyst. Depending upon the particular resin em- 

15 ployed, the ratio of resin-to-catalyst can be on the 
order of up to 100 to 1, and the flow rate of the 
catalyst can be as small as 3ccm/min. Not only do 
the Lee, et ai. and Saidman, et al. systems fail to 
contemplate the addition of a third component with- 

20 in the circulation flow path or loop, but neither 
system is designed to accommodate the high ra- 
tios and low flow volume required for some two 
component paints. 

Apparatus in accordance with the invention for 

25 controlling the relative proportion of two compo- 
nents within a coating material formulation, com- 
prises a mixer for combining the components to 
form the coating material formulation, first supply 
means for supplying the first component at a first 

30 flow rate along a first flow path to the mixer, 
second supply means for supplying the second 
component along a second flow path, which is 
separate from the first flow path, to the mixer, the 
second supply means including means for adjust- 

35 ing the flow rate of the second component as a 
function of the flow rate of the first component and 
colour changer means for introducing a first com- 
ponent of different colour into the first flow path. 
In accordance with the invention, a method of 

40 controlling the relative proportion of a resin, a 
supercritical fluid and a third component within a 
coating material formulation, comprises supplying 
the resin at a first pressure and a first flow rate to a 
first mixer, supplying the supercritical fluid to the 

45 first mixer at a first flow rate, and at a second 
pressure which is a function of the first pressure 
and which is in excess of the critical pressure of 
the supercritical fluid, combining the resin and 
supercritical fluid within the first mixer to form a 

so first mixture, supplying the third component to a 
second mixer at a second flow rate, and at a third 
pressure which is a function of the first pressure, 
and combining the first mixture and the third com- 
ponent within the second mixer to form the coating 

55 material formulation. 

In accordance with the invention, a method and 
apparatus for combining multiple components to 
form a coating material formulation, one of the 
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components may be a resin, another component 
may be a supercritical fluid employed as a fluid 
diluent, and, preferably, a third component is ad- 
ded such as a catalyst. Two of the components are 
transmitted through separate flow paths to a first 
mixer within which they are combined to form a 
mixture, and then the third component is added to 
the mixture in a second mixture to form the coating 
material formulation for discharge by one or more 
coating dispensers or spray guns onto a substrate. 

One aspect of this invention is predicated upon 
the concept of obtaining accurate control of the 
resin-to-supercritical fluid ratio, and the resin-to- 
catalyst ratio, by controlling the duty cycle or 
"valve on" time of a supercritical fluid valve con- 
tained within the supercritical fluid flow path and a 
catalyst valve contained within the catalyst flow 
path. As described in detail below, each of the 
supercritical fluid and catalyst flow paths includes 
an analog controller operatively connected to the 
resin flow path. An initial set-up or calibration pro- 
cedure is undertaken, the details of which are de- 
scribed below, in order to account for flow prop- 
erties of a particular resin to be dispensed by the 
system, and to account for the inherent delays 
caused by physical movement of both the super- 
critical fluid valve and catalyst valve after receiving 
signals to open and close. This calibration proce- 
dure results in the determination of a system offset 
or delay value which is input to each of the analog 
controllers. In turn, the analog controllers operate 
the supercritical fluid valve and catalyst valve to 
obtain an essentially straight line relationship be- 
tween valve on-time and resin flow mixture in a 
second mixer to form the coating material formula- 
tion for discharge by one or more coating dispens- 
ers or spray guns onto a substrate. 

One aspect of this invention is predicated upon 
the concept of obtaining accurate control of the 
resin-to-supercritical fluid ratio, and the resin-to- 
catalyst ratio, by controlling the duty cycle or 
"valve on" time of a supercritical fluid valve con- 
tained within the supercritical fluid flow path and a 
catalyst valve contained within the catalyst flow 
path. As described in detail below, each of the 
supercritical fluid and catalyst flow paths includes 
an analog controller operatively connected to the 
resin flow path. An initial set-up or calibration pro- 
cedure is undertaken, the details of which are de- 
scribed below, in order to account for flow prop- 
erties of a particular resin to be dispensed by the 
system, and to account for the inherent delays 
caused by physical movement of both the super- 
critical fluid valve and catalyst valve after receiving 
signals to open and close. This calibration proce- 
dure results in the determination of a system offset 
or delay value which is input to each of the analog 
controllers. In turn, the analog controllers operate 
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the supercritical fluid valve and catalyst valve to 
obtain an essentially straight line relationship be- 
tween valve on-time and resin flow rate during 
operation of not only one coating dispenser, but 

5 multiple coating dispensers, as required for a par- 
ticular application. 

Each of the analog controllers operates their 
respective valves so that the appropriate proportion 
of supercritical fluid and catalyst is combined with 

10 the resin regardless of flow requirements of the 
system, i.e. irrespective of how many dispensers 
are operating at any given time. To provide such 
control, each analog controller performs essentially 
two distinct control functions, both of which are 

75 dependent on the flow of resin within the resin flow 
path. One function is an essentially immediate re- 
sponse to the initiation of spraying through one or 
more dispensers, and, in turn, flow of resin through 
the flow meter. A signal from the resin flow meter 

20 representative of such resin flow is transmitted to 
each of the analog controllers which virtually imme- 
diately produce an output signal to open their re- 
spective valves and allow the appropriate volume 
of supercritical fluid and catalyst to flow to the 

25 mixers for combination with the resin. As a result, 
the operation of both the supercritical fluid valve 
and catalyst valve is immediately and accurately 
controlled as a function of the flow of resin through 
the resin flow path. A second control function per- 

30 formed by each of the analog controllers involves a 
periodic correction of the respective supercritical 
fluid and catalyst flows during operation of the 
system. Each of the flow paths for the individual 
components includes a flow meter to which the 

35 components are transmitted before entering the 
mixers. In order to control the flow volume of 
supercritical fluid, for example, signals are obtained 
from both the resin and supercritical fluid flow 
meters which are representative of actual flows of 

40 resin and supercritical fluids through their respec- 
tive flow paths. The ratio of such actual flow rates 
is compared to a predetermined, desired ratio with- 
in a ratio comparator which is effective to produce 
an output or error signal representative of the dif- 

45 ference between the desired and actual ratios. The 
analog controller associated with the supercritical 
flow path processes this error signal, in a manner 
described below, and produces a signal which is 
input to a valve driver circuit connected to a fluid 

50 valve contained within the supercritical fluid flow 
path. The valve driver circuit is effective to control 
the duty cycle of the supercritical fluid valve, e.g. a 
solenoid valve, such that the flow rate of super- 
critical fluid to the mixer is periodically adjusted in 

55 accordance with any variation between the actual 
ratio of resin-to-supercritical fluid and the desired 
ratio. 
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This same control function is performed in or- 
der to obtain the desired proportion of a catalyst 
within the mixture of resin, supercritical fluid and 
catalyst. The duty cycle of the catalyst valve con- 
tained within the catalyst flow path is controlled in 
the same manner as the duty cycle of the fluid 
valve associated with the supercritical flow path. 
Signals are obtained from both the resin and cata- 
lyst flow meters which represent actual flow rates 
thereof, and the ratio of such actual flow rates is 
compared to a predetermined, desired ratio within 
a second ratio comparator operative to produce an 
error signal representative of the difference be- 
tween the desired and actual ratios. The analog 
controller within the catalyst flow path includes a 
valve driver circuit of the same type employed in 
the supercritical flow path which is operative to 
control the duty cycle of the catalyst valve such 
that a corrected or adjusted volume of catalyst is 
discharged from the catalyst valve dependent upon 
the aforementioned error signal. 

Another aspect of this invention involves ob- 
taining rapid correction of the relative proportion of 
each of the three components by adjusting the 
pressure of the lower volume components, e.g. the 
supercritical fluid and catalyst, in direct response to 
fluctuation in pressure of the higher volume compo- 
nent, e.g. the resin. In response to the demand for 
coating material formulation, such as by activating 
multiple dispensers or spray guns, a required 
amount of resin is emitted from a flow meter at a 
predetermined pressure to the mixer. A pressure 
sensor connected to the resin flow line senses the 
pressure at which the resin is delivered to the 
mixer and a fluid signal representative of this pres- 
sure is transmitted to a differential pressure regula- 
tor located within each of the separate flow paths 
carrying the supercritical fluid and the catalyst. The 
two differential pressure regulators are effective to 
emit the supercritical fluid and catalyst, respec- 
tively, at pressure levels which are directly propor- 
tionate to the pressure level within the resin flow 
path. In the supercritical fluid flow path, for exam- 
ple, the supercritical fluid is maintained above its 
critical pressure, but a variation in the pressure at 
which the supercritical fluid is emitted from the 
differential pressure regulator causes a proportion- 
ate difference in the volumetric flow rate of the 
supercritical fluid to the mixer for combination with 
the resin. The flow volume of the catalyst is con- 
trolled in the same manner wherein the differential 
pressure regulator associated with its flow path 
controls the catalyst pressure in direct response to 
the resin pressure. 

Unlike systems of the type disclosed above, 
there is no "loop" or circulating flow path for the 
components forming the coating material formula- 
tion in this invention. Instead, each of the compo- 
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nents is transmitted within its own individual supply 
line or flow path, and a first mixer is employed to 
combine two of the components after which a sec- 
ond mixer adds the third component to the mixture 

5 of the first two to form the coating material formula- 
tions. The formulation is then transmitted directly 
from the second mixer to one or more dispensers. 
Control of the relative proportion of each of the 
components is therefore not dependent on any 

10 properties of the mixture or formulation. Rather, 
control of the resin-to-supercritical fluid and resin- 
to-catalyst ratios is predicated upon (1) a direct 
response to fluctuations in resin flow rate, and (2) a 
direct response to pressure fluctuations of the res- 

15 in, both of which, in turn, are caused by variation in 
the demand for the coating material formulation. 

Another aspect of this invention involves an 
improved color change capability. Because each of 
the components which form the coating material 

20 formulation are transmitted through independent 
flow paths, a colour change operation can be per- 
formed with minimal down time and difficulty. Only 
the resin flow path need be cleaned in a colour 
change procedure, as well as the mixers within 

25 which the resin is combined with supercritical fluid 
and catalyst, because the flow paths for the super- 
critical fluid and catalyst are isolated from the resin 
flow path. As a result, the introduction of solvent, 
air or other cleaning materials through the resin 

30 flow path can be accomplished rapidly, and the 
resin of one colour can be replaced by resin of a 
different colour, all within a short period of time and 
with minimal difficulty. 

Thus, a method and apparatus of forming coat- 

35 ing material formulations or mixtures in accordance 
with the invention is capable of intermixing and 
controlling the relative proportion of each of at least 
three components, is capable of maintaining the 
desired ratio even during fluctuating flow require- 

40 ments for the formulation, is capable of accom- 
modating high component ratios and low flow vol- 
ume of one or more components, allows for rapid 
colour change, and is relatively inexpensive to fab- 
ricate and operate. 

45 The invention will now be described by way of 

example and with reference to the accompanying 
drawings, in which: 

Fig. 1 is a schematic block diagram of an ap- 
paratus in accordance with the invention; 

so Fig. 2 is a cross-sectional view of one of the 
mixers depicted in Fig. 1 ; and 
Fig. 3 is a graph of valve on time vs. resin flow 
obtained during the initial set-up operation of the 
apparatus of Fig. 1 . 

55 The method and apparatus 10 of this invention 

is specifically intended to intermix three compo- 
nents, namely, (1) a liquid coating composition or 
resin, (2) a supercritical fluid which functions as a 
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diluent, and (3) a catalyst, to form a coating ma- 
terial solution or formulation which is transmitted to 
one or more coating dispensers 12 for deposition 
onto a substrate not shown). For purposes of the 
present discussion, the term "liquid coating com- 
position" refers to a resin material such as paint 
which includes one or more components to be 
sprayed, applied or dispersed, and a solvent com- 
ponent. The term "supercritical fluid" as used here- 
in is intended to refer to a gas in a supercritical 
state above its critical pressure and critical tem- 
perature wherein the gas has a density approach- 
ing that of a liquid material. It is also contemplated 
that liquified gases could be utilized in forming the 
resin, and therefore the term "liquified gas" may 
be substituted for "supercritical fluid" in the follow- 
ing description. The term "fluid diluent" as used 
herein is meant to refer interchangeably to super- 
critical fluids and liquified gases. The terms "coat- 
ing material solution" and/or "coating material for- 
mulation" are used synonymously to refer to the 
mixture of a resin, supercritical fluid and a catalyst, 
wherein the fluid diluent is substantially dissolved 
in the resin to form a solution or at least an 
emulsion or dispersion. 

A "coating dispenser", "dispenser" or "spray 
gun" as used herein will normally be an airless- 
type spray gun capable of handling the fluid pres- 
sure utilized in the apparatus 10. Preferably, the 
dispensers are airless-type spray guns of the type 
disclosed in U.S. Patent No. 5,106,659 to Hastings 
et al., which is owned by the assignee of this 
invention and which is hereby incorporated by ref- 
erence in its entirety herein. Alternatively, air-as- 
sisted airless-type spray guns can be used such as 
are shown in U.S. Patent No. 3,843,052 to Cowan. 

The purpose of the supercritical fluid and/or 
liquified gas is to act as a fluid diluent for the 
coating composition so that the proportion or per- 
centage of organic solvents in the liquid coating 
composition can be reduced, e.g. by about two- 
thirds, compared, for example, to most commer- 
cially available high solids liquid coating composi- 
tions such as paint. A number of compounds in a 
supercritical or liquified state can be intermixed 
with a liquid coating composition such as paint or 
resin to produce the coating material solution or 
formulation when mixed with catalysts as described 
below. These compounds include carbon dioxide, 
ammonia, water, nitrogen oxide (N2O), methane, 
ethane, ethylene, propane, pentane, methanol, 
ethanol, isopropanol, isobutanol, 

chlorotrifluoromethane, monofluorom ethane and 
others. For purposes of the present discussion, 
supercritical carbon dioxide is employed because 
of its nontoxic nature and because its critical tem- 
perature and critical pressure of 85 *F and 1070 
psi, respectively, are well within the operating 
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ranges of standard airless spraying systems includ- 
ing the apparatus 10 of this invention. 

The overall construction of the apparatus 10 is 
first discussed below, followed by description of its 
5 operation including an initial calibration procedure. 

System Construction 

With reference to Fig. 1, the top portion of the 

10 drawing depicts a resin flow path, the center por- 
tion of the drawing illustrates a supercritical fluid 
flow path, and the bottom portion shows a catalyst 
flow path. As described in more detail below, resin 
and supercritical fluid are directed to a first mixer 

75 14 where they are intermixed and then transmitted 
to a second mixer 15 for combination with the 
catalyst. Flow of supercritical fluid to the first mixer 
14 is controlled by an analog controller 16, and 
flow of catalyst to the second mixer 15 is governed 

20 by an analog controller 16' in a manner described 
below. See dotted lines in Fig. 1 . The construction 
of the flow path for each component is described 
individually below, followed by a discussion of the 
control of supercritical fluid and catalyst flow. 

25 Considering first the resin flow path, the boxes 

entitled "Resin 1" and "Resin 2", labelled with 
reference numbers 17 and 18, respectively, refer to 
a tank or other container including a pump (not 
shown) which supply resin of different colors to a 

30 color changer 20 of the type disclosed in U.S. 
Patent No. 4,657,047 to Kolibas, which is owned by 
the assignee of this invention. As explained in 
Patent No. 4,657,047, the color changer 20 is effec- 
tive to discharge a selected one of the resins from 

35 sources 17 or 18 and transmit such resin into a 
resin supply line 24. The resin flows through resin 
supply line 24 into a flow meter 26, preferably of 
the type having intermeshing sets of gear teeth 28 
and 30 as depicted schematically in Fig. 1. A 

40 suitable flow meter 26 is commercially available 
from the AW Company of Racine, Wisconsin under 
Model No. ZHM 02/1 . A metered quantity of resin 
is emitted from flow meter 26 into supply line 24 
where it passes through a first check valve 32, a 

45 resin shut-off valve 34 and a second check valve 
36 to the mixer 14. The purpose of the check 
valves 32, 36 is to prevent any back flow of resin 
downstream from the mixer 14 toward the flow 
meter 26. The resin shut-off valve 34 is provided to 

50 stop the flow of resin to the mixer 14, if necessary, 
such as when operation of the apparatus 10 is shut 
down for any purpose. 

As noted above, the supercritical fluid flow path 
is depicted at the center of Fig. 1. It includes a 

55 metal cylinder or tank 38 which supplies fluid 
diluent, e.g. liquified carbon dioxide, through a line 
39 at a pressure of about 800 psi and temperature 
of about 75 *F (ambient) to a pump 42 which 


6 



EP 0 


increases its pressure to about 2,000 psi, i.e. well 
above the 1070 psi critical pressure needed to 
form supercritical carbon dioxide. Preferably, the 
pump 42 is a Model DSF35 pump sold by the 
Haskell Company of Burbank, California. The pump 
42 discharges the now supercritical carbon dioxide 
through line 43 to a differential pressure regulator 
44, preferably of the type sold under Model No. 
S4-2000 by Tescom of Elk River, Minnesota. 

The supercritical fluid is emitted from differen- 
tial pressure regulator 44 through a supply line 46 
to a flow meter 48, which, in the illustrated embodi- 
ment, includes two sets of intermeshing gears 50 
and 52 which emit a metered quantity of super- 
critical fluid into the fluid supply line 46 down- 
stream therefrom. One type of flow meter suitable 
for use is commercially available from the AW 
company of Racine, Wisconsin under Model No. 
ZHM 01. Although a gear meter type flow meter 48 
is illustrated in Fig. 1 , it is contemplated that other 
types of flow metering devices could be employed 
within the supercritical fluid flow path such as a 
Model P21-Sect 10 flow metering device manufac- 
tured by the Micro Motion Company of Boulder, 
Colorado. 

The metered flow of supercritical carbon diox- 
ide emitted from flow meter 48 is transmitted 
through supply line 46 to a solenoid valve 54 and 
then into a needle valve 56. The operation of 
valves 54 and 56 is described in detail below in 
connection with a discussion of the operation of 
apparatus 10. Preferably, the solenoid valve 54 is a 
Model SSHB54 manufactured by the Whitely Com- 
pany of Highland Heights, Ohio. A Model No. SS2- 
A valve manufactured by Nupro Swagelock Com- 
pany of Willouby, Ohio is a suitable type of needle 
valve. From the needle valve 56, the supercritical 
carbon dioxide flows through a catalyst shut-off 
valve 58 and a third check valve 60 to the mixer 14 
where it is intermixed with the resin to form a 
mixture wherein the supercritical carbon dioxide is 
substantially dissolved in the resin to form a solu- 
tion, or at least an emulsion or dispersion. The 
purpose of check valve 60 is to prevent any back 
flow of supercritical fluid in a downstream direction 
toward the needle valve 56, and the shut-off valve 
58 is included to provide a complete discontinu- 
ance of supercritical fluid flow to the mixer 14. 

With reference to the bottom portion of Fig. 1 , 
the catalyst flow path comprises a catalyst source 
62, shown schematically as a block, which is in- 
tended to represent a tank and pump (not shown) 
for delivering catalyst, under pressure, through a 
line 63 to a differential pressure regulator 64 pref- 
erably of the type manufactured by Tescom of Elk 
River, Minnesota under Model No. 54-2000. From 
the differential pressure regulator 64, the catalyst is 
delivered into line 66 at a pressure which is directly 
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proportional to, but greater than the resin pressure, 
i.e. about 100 to 300 psi greater. The pressurized 
catalyst enters a flow meter 68, which, in the illus- 
trated embodiment, includes two sets of intermesh- 

5 ing gears 70 and 72 capable of emitting a metered 
quantity of catalyst into the supply line 66 down- 
stream therefrom. One type of flow meter suitable 
for use is commercially available from A. W. Com- 
pany of Racine, Wisconsin under Model No. 

w ZHM01. The metered flow of catalyst emitted from 
flow meter 68 is transmitted through supply line 66 
to a solenoid valve 74 and then into a needle valve 
76, whose operation is described below. Preferably, 
the solenoid valve 54 is of the type sold by Nord- 

75 son Corporation of Westlake, Ohio under Model 
No. A-10-A, and the Model No. SS2-A valve manu- 
factured by Nupro Swagelock Company of Wil- 
louby, Ohio is a suitable type of needle valve. 
Once discharged from the needle valve 76; the 

20 catalyst flows through a catalyst shut-off valve 78 
and a third check valve 80 to the second mixer 1 5 
where it is intermixed with the mixture of resin and 
supercritical fluid to form a coating material for- 
mulation for transmission to the dispensers 12. As 

25 in the supercritical fluid flow path, the purpose of 
check valve 80 is to prevent any backflow of cata- 
lyst in the downstream direction toward the needle 
valve 76, and the shut-off valve 78 is included to 
provide for a complete shut-off of catalyst flow if 

30 necessary. 

In the presently preferred embodiment, a dia- 
phragm seal 114 is connected by a tap line 115 to 
the resin supply line 24 within the resin flow path. 
The output side of diaphragm seal 114 is con- 

35 nected to a transfer line 116 which, in turn, is 
connected by a line 118 to the differential pressure 
regulator 44 associated with the supercritical car- 
bon dioxide flow path, and, by a line 120 to the 
differential pressure regulator 64 associated with 

40 the catalyst flow path. The diaphragm seal 114 
produces an "output signal", i.e. a pressurized flow 
of liquid through transfer line 116, which is repre- 
sentative of the pressure of the resin within resin 
supply line 24. Such pressure level can be visually 

45 monitored by a pressure gauge 122 connected 
along the transfer line 116. 

Each of the differential pressure regulators 44 
and 64 function to discharge supercritical carbon 
dioxide and catalyst, respectively, in direct propor- 

50 tion to the resin pressure within resin line 24. The 
differential pressure regulator 44, for example, re- 
ceives the output signal from diaphragm seal 114 
via transfer line 116 and line 118, and is effective 
to discharge supercritical carbon dioxide into the 

55 fluid supply line 46 at a pressure which is directly 
proportional to the resin pressure but in excess of 
1070 psi, i.e. the critical pressure of supercritical 
carbon dioxide. Similarly, the differential pressure 
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regulator 64 associated with the catalyst flow path 
receives the signal from diaphragm seal 114 and 
emits a flow of catalyst into the catalyst supply line 
66 having a pressure directly proportionate to the 
resin pressure within line 24. The relative propor- 
tion or ratio between resin pressure, supercritical 
carbon dioxide pressure and catalyst pressure is 
set within the differential pressure regulators 44 
and 64, respectively. These settings are dependent 
upon such factors as the fluid properties of the 
resin, the desired volumetric ratio of resin-to-super- 
critical carbon-dioxide and resin-to-catalyst, and, 
the flow rate of such components required for 
combination with the resin. 

Mixer Construction 

As noted above, the first mixer 14 functions to 
intermix the resin and supercritical carbon dioxide 
to form a solution, or at least an emulsion or 
dispersion, which is then transferred via a line 82 
through a check valve 84 to the second mixer 15 
for combination with the catalyst. The construction 
of mixers 14 and 15 are identical, and, for pur- 
poses of discussion, only the mixer 14 is illustrated 
and described in detail herein. 

Referring now to Fig. 2, the mixer 14 includes 
a mixer tube 86 having a wall 88 defining an 
interior 90 including an inlet end 92 and an outlet 
end 94. The mixer tube interior 90 receives two 
elements, namely, a premix screen 96 and a mixer 
rod 98 located downstream from the premix screen 
96. The premix screen 96 is cylindrical in shape 
having an annular flange 100 at one end which 
contacts the tube wall 88, a central throughbore 
102 and a plurality of screen openings 104 extend- 
ing radially outwardly from the central throughbore 
102. As depicted by the arrows in Rg. 2, the 
supercritical carbon dioxide and resin are intro- 
duced into the inlet end 92 of mixer tube 86 and 
flow into the central throughbore 102 of premix 
screen 96. A portion of the resin and supercritical 
carbon dioxide flows along the central throughbore 
102, and the remainder moves radially outwardly 
therefrom through the screen openings 104 into an 
annular space or gap 106 between the exterior 
surface of premix screen 96 and the tube wall 88 of 
mixer tube 86. 

As mentioned above, the mixer rod 98 is lo- 
cated downstream from premix screen 96 within 
the mixer tube interior 90. In the presently pre- 
ferred embodiment, the exterior surface of mixer 
rod 98 is formed with a first set of threads or 
channels 108 and a second set of threads or chan- 
nels 110, both of which extend in the longitudinal 
direction of the mixer rod 98. The channels 108 are 
pitched at an angle a on the order of about 75* 
relative to the longitudinal axis 112 of mixer rod 98, 


whereas the channels 110 are pitched at an angle 
e of approximately 50 ■ with respect to the longitu- 
dinal axis 112. As a result, a shorter flow path is 
provided by channels 110, compared to channels 

5 108, measured along the longitudinal extent of mix- 
er rod 98. This is because resin, supercritical car- 
bon dioxide and/or a mixture thereof must flow 
along the steeper angled channels 108, and thus 
make less progress axially along the length of 

10 mixer tube 86 over a given time period, than liquid 
flowing along the lesser angled channels 110. One 
purpose of the different pitches of channels 108 
and 110 is to provide an opportunity for the super- 
critical carbon dioxide and/or resin to "catch up" 

is with one another, i.e. move more quickly along the 
axial length of mixer tube 86, so that in the event 
the resin has been introduced into the mixer 14 
either before or after the supercritical carbon diox- 
ide, it is nevertheless assured that the resin will 

20 intermix with the supercritical carbon dioxide before 
exiting the mixer tube 86. Another purpose of the 
different pitches of channels 88, 90 is to provide for 
a flow division and mixing at every point of inter- 
section of the two pitches. Mixing is accomplished 

25 by the constant change of direction of the liquids, 
i.e. a circulating and linear motion combined with a 
flow division. 

Analog Controller and System Operation 

30 

As described above, the resin flow path, super- 
critical fluid flow path and catalyst flow path are 
interconnected such that the supercritical fluid and 
catalyst pressures "track", i.e. are directly respon- 

35 sive to, the resin pressure. This provides a rapid 
adjustment of the ratios of resin-to-supercritical flu- 
id and resin-to-catalyst. Primary control of such 
ratios is obtained by tracking or matching the 
supercritical fluid and catalyst flow rates with the 

40 flow rate of resin to the mixers 14, 15. Such control 
function is provided by the analog controllers 16 
and 16\ 

As depicted in Rg. 1, an analog controller 16 is 
associated with the supercritical fluid flow path, 

45 whereas analog controller 16' is associated with the 
catalyst flow path. Both of these controllers 16 and 
16' are operatively connected to the resin flow 
path, and are structurally and functionally identical. 
For purposes of the present discussion, only the 

so analog controller 16 is described in detail, and the 
same structure contained within the controller 16* is 
given the same reference numbers with the addi- 
tion of a "prime" thereto. 

With reference to the top portion of Rg. 1, a 

55 first line 130 extends from the resin flow meter 26 
which is connected by a line 132 to a ratio com- 
parator 134, and by a line 132* to a ratio compara- 
tor 134' associated with the catalyst flow path. A 
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second line 136 is connected between the flow 
meter 48 and the ratio comparator 134. Line 130 
transmits an output representative of the actual flow 
of resin from resin flow meter 26, and line 136 
transmits the actual flow of supercritical carbon 
dioxide from flow meter 48. A third line 138 pro- 
vides an input to ratio comparator 134 from a block 
140 which is representative of the desired ratio of 
resin flow to supercritical carbon dioxide flow. 
Block 140* associated with the catalyst flow path 
and analog controller 16' provides a signal repre- 
sentative of the desired resin-to-catalyst ratio. The 
ratio comparator 134 is effective to compare the 
desired ratio of resin-to-supercritical carbon dioxide 
flow with the actual flow ratio (from lines 130 and 
136), and produce an output represented by line 
142 to an integrator 144. The output of ratio com- 
parator 134 is also input to an alarm, depicted by 
box 146 in Fig. 1, which provides a visual or audio 
indication of a problem situation, i.e. wherein the 
difference between the desired and actual resin-to- 
supercritical fluid ratio exceeds a predetermined 
level or percentage. One suitable ratio comparator 
134 is available from the AW Company of Racine, 
Wisconsin under Model No. EMO-600. 

The integrator 144 is operative to take the 
integral of the signal input from ratio comparator 
134 over a selected time period and produce an 
output "E" which is representative of the error or 
difference between the desired and actual resin-to- 
catalyst ratio. This error signal E is then input 
through line 148 to a multiplier 150. 

A line 152, connected to the resin flow meter 
26 through line 130, transmits a signal representa- 
tive of the resin flow to a frequency-to-voltage 
converter depicted schematically by block 154 in 
Fig. 1 . The converter 1 54 converts the output from 
resin flow meter 26 to a voltage signal "R" which is 
representative of the resin flow within resin supply 
line 24. The voltage output R from converter 116 is 
input through line 156 to a potentiometer 158 of 
essentially any commercially available type. The 
potentiometer 158 multiplies the voltage signal R 
by a gain factor G, the purpose of which is de- 
scribed below. The resulting output from poten- 
tiometer 158, R times G, is then input through line 
160 to the multiplier 150. The multiplier 150, in 
turn, produces an output which is the product of 
the error signal (E) from integrator 144 and the 
output (R.G) from potentiometer 158. This output 
(E.R.G) from multiplier 150 is input through line 
162 to a valve driver circuit 164 of the type sold by 
Nordson Corporation of Westlake, Ohio under 
Model No. FET-4. The driver circuit 164 combines 
the output from multiplier 150 (E.R.G) with an offset 
value "C", which is input through line 166 from a 
potentiometer 168. The magnitude of this offset 
value C is determined during a system calibration 


procedure described below. The output of driver 
circuit 164, represented by the time factor T de- 
scribed below, is then inputs to the solenoid valve 
54 through line 170 to control the duty cycle there- 
5 of, i.e. the time during which the solenoid valve 54 
is opened and closed. As noted above, the analog 
controller 16* contains the same element as con- 
troller 16, which function in the same manner de- 
scribed above. 

70 

Calibration Procedure 

Having described the general construction of 
the analog controllers 16 and 16\ the initial set-up 

75 procedure for apparatus 10 can be discussed. The 
purpose of the initial set-up or calibration proce- 
dure is to provide an adjustment of the "on-time" T 
of solenoid valve 54 and the on-time V of solenoid 
valve 74, in order to account for the fluid properties 

20 of a particular resin and catalyst to be dispensed, 
and to compensate for the time it takes the sole- 
noid valves 54 and 74 to open and obtain a stabi- 
lized flow therethrough, and to close, after receiv- 
ing a signal from their respective driver circuits 164 

25 and 164\ It was recognized that in order to get an 
accurate ratio of resin-to-supercritical fluid and res- 
in-to-catalyst for all spraying conditions of appara- 
tus 10, i.e. wherein different numbers of dispensers 
12 are actuated at different times, an offset or time 

30 correction factor must be determined in a pre- 
operation, set-up procedure to properly control the 
open or on time of the solenoid valves 54 and 74. 

With reference to Fig. 3, a graph is depicted 
whose ordinate represents valve "on time" (T), and 

35 whose abscissa represents resin flow (R). The cali- 
bration procedure described below produces the 
family of curves shown on the graph, all of which 
intersect at a point Y below the origin of the or- 
dinate and abscissa. The point Y is representative 

40 of a time period correction factor "C" which is 
input to the driver circuit 164 in order to produce 
the output T which controls the duty cycle of 
solenoid valve 54. The various curves depicted on 
the graph of Fig. 3 are all of the standard polyno- 

45 mial form, y = mx + b, and are derived from the 
following formula: 

T = (E)(R)(G)-C (1) 

so Where: 

T = Supercritical fluid or solenoid valve 54, 
74 on time 

E = Error signal or difference between de- 
sired and actual resin-to-supercritical 
55 fluid flow or resin-to-catalyst flow 

R = Resin flow 
G = Gain 

C = Offset or time correction factor 
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A similar set of curves can be generated which is 
representative of the relationship between the on- 
time V of the catalyst solenoid-valve 74 and the 
resin flow in order to determine an offset or time 
delay value C associated with the catalyst flow 
path. For ease of discussion, the calibration proce- 
dure employed to obtain the value C associated 
with the supercritical fluid path is described, it 
being understood that the same type of procedure 
is used to obtain the offset value C\ 

The initial set-up or calibration procedure is 
begun by the operator initiating the lowest flow 
condition of apparatus 10, i.e. one of the coating 
dispensers 12 is turned on resulting in a flow of 
resin thorough resin supply line 24, and a flow of 
supercritical through fluid supply line 46. The oper- 
ator then adjusts the potentiometer 168 so that the 
"C" value, or time delay, is in the range of about 
15 to 20 milliseconds (ms| This initial "C" value is 
chosen because the solenoid valve 54 cycles in 
100 ms., e.g. at an operating frequency of 10 Hz, 
and it has been found that it takes on the order of 
about 10 to 20 ms. for the solenoid valve 54 to 
completely open and obtain a stable flow of super- 
critical fluid therethrough. It is contemplated that a 
different initial "C" value would be chosen for other 
solenoid valves having a different cycle time, so 
long as such C value is at least sufficient in dura- 
tion to allow the solenoid valve to stabilize. 

The operator next manually adjusts the orifice 
(not shown) of needle valve 56 until such time as 
the desired ratio of resin-to-supercritical carbon 
dioxide is read on the ratio comparator 134. As 
noted above, the ratio comparator 134 is connected 
to both the resin flow meter 26 and supercritical 
fluid flow meter 48, and it is operative to produce a 
visual read-out of the actual ratio of the flow of 
resin-to-supercritical carbon dioxide. Assuming a 
5:1 ratio is desired, for example, manipulation of 
the needle valve 56 continues until a 5:1 reading is 
obtained on the ratio comparator 134. At that time, 
a second dispenser 12 is turned on by the oper- 
ator. This produces a different set of flow con- 
ditions for both the resin and supercritical carbon 
dioxide, but the same ratio of resin-to-supercritical 
carbon dioxide must be maintained. In order to 
maintain the same ratio, the operator adjusts the 
gain value "G" by manipulating potentiometer 158 
until such time as the reading from the ratio com- 
parator 134 is 5:1. 

The gain value "G" is a voltage which is indi- 
cative of the slope of the lines on the graph of Fig. 
3, i.e. the higher the gain, the steeper the slope 
and vice versa. Because the gain G affects the C 
value for a constant on-time T of valve 54, as 
reflected in Equation (1) above, adjustment of the 
gain via potentiometer 158 may produce a line on 
the graph of Fig. 3 which does not intersect the 
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ordinate of the graph where the initial estimated 
value C was set by potentiometer 168. In order to 
obtain the actual C value, the operator shuts off the 
second dispenser 12, allowing the first dispenser 

5 12 to continue spraying, and reads the actual ratio 
of resin-to-supercritical carbon dioxide from the ra- 
tio comparator 134. If the reading is not 5:1, in this 
example, the operator adjusts the C value by man- 
ipulating potentiometer 168 until a 5:1 reading is 

10 obtained. As a precaution, to ensure that the cor- 
rect C value has now been set, the operator may 
again turn on the second dispenser 12 to make 
sure the ratio of resin-to-supercritical carbon diox- 
ide remains at 5:1 with the adjusted settings of 

T5 potentiometers 158 and 168. 

The objective of this set-up or calibration pro- 
cedure is therefore to obtain a straight-line relation- 
ship between solenoid valve 54 "on" time T and 
resin flow R f at a given resin-to-supercritical carbon 

20 dioxide ratio, regardless of whether one, two or 
more dispensers 12 are operating. Because of in- 
herent delays created by the fluid properties of the 
resin, and the time required for the solenoid valve 
54 to open after it receives a signal from driver 

25 circuit 164 and produce a stabilized flow-thereth- 
rough, a system time delay correction or offset C 
must be factored into the driver circuit 164 opera- 
tion which is graphically represented by a negative 
value C on the ordinate of the graph in Fig. 3. 

30 Assuming line 172 on the graph of Fig. 3 repre- 
sents a resin-to-supercritical fluid ratio of 5:1, the 
lines 174 and 176 having a steeper slope are 
representative of lower ratios (4:1 or less) and the 
line 178 having a flatter slope is representative of 

35 higher ratios (6:1 or greater). It is noted that each 
of these other lines 174, 176 and 178 also pass 
through the point Y on the graph, and, therefore, 
such lines can be generated by maintaining the 
settings of potentiometer 158 (gain G) and poten- 

40 tiometer 168 (time C) obtained during the set-up 
procedure, and manipulating the needle valve 56. 
Such manipulation of valve 60 merely changes the 
ratio of resin-to-supercritical fluid, and, hence, the 
slope of such lines 174, 176 and 178. 

45 The dotted lines depicted in Fig. 3 are repre- 

sentative of the actual relationship between valve- 
on time and resin flow for the apparatus 10, for 
each of these resin-to-supercritical fluid ratios de- 
picted by lines 172, 174, 176 and 178, during 

50 approximately the first 10 ms. after the solenoid 
valve 54 has received a signal from driver circuit 
164 to open. After about 10 ms., flow through the 
solenoid valve 54 has stabilized, and it is assumed 
that a straight-line relationship between valve-on 

55 time and resin flow is present thereafter. 

It should be understood that an essentially 
identical calibration procedure is undertaken to set 
the value C associated with the catalyst flow path 
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of apparatus 10. After the C value is set for the 
proper resin-to-supercritical fluid ratio, the mixture 
of resin and supercritical carbon dioxide is trans- 
mitted to mixer 15 where it is combined with the 
catalyst and discharged to dispenser 12. The dis- 
pensers 12, potentiometers 158\ 168' and needle 
valve 76 are then operated in the same manner as 
their counterparts described above to obtain the 
offset or time delay C" for the catalyst flow path 
portion of the apparatus 10. 

Once the apparatus 10 is calibrated in the 
manner described above, normal operation pro- 
ceeds with essentially no further manual adjust- 
ment required. In response to actuation of one or 
more coating dispensers 12, resin from the resin 
source 18 is transmitted through resin supply line 
24 and the remainder of the resin flow path de- 
scribed above to the mixer 14. The pressure at 
which the resin is delivered through line 24 is 
sensed by the diaphragm seal 114, and such pres- 
sure level is input to the differential pressure regu- 
lator 44 within supercritical fluid supply line 46 and 
the differential pressure regulator 64 within the 
catalyst supply line 66. The differential pressure 
regulators 44 and 64 emit the supercritical fluid and 
catalyst, respectively, at predetermined, proportion- 
ate pressure levels to the flow meter 48 and 68 
which, in turn, provides a metered flow of catalyst 
to their associated solenoid valves 54 and 74. 

The analog controller 16 associated with the 
supercritical fluid flow path is effective to provide 
two control functions involving the duty cycle of the 
catalyst or solenoid value 54, i.e. (1) an essentially 
immediate opening of the solenoid valve 54 when 
one or more dispensers 12 are operated, and (2) a 
periodic, relatively "slow" adjustment of the duty 
cycle of the solenoid valve 54 dependent on the 
error signal E generated as described above. Be- 
cause the resin flow meter 26 is connected by lines 
130 and 152 to the analog controller 16, a signal 
representative of resin flow through the flow meter 
26 is transmitted to controller 16 immediately upon 
movement of the gears 28, 30 therein, i.e. as soon 
as resin flows through flow meter 26 in response to 
opening of one or more dispensers 12. This signal 
is processed by frequency-to-vortage converter 
154, potentiometer 158, multiplier/divider 150 and 
driver circuit 164 to produce an essentially in- 
stantaneous signal through line 170 which opens 
solenoid valve 54. An accurate volume of catalyst, 
which is directly proportional to the flow of resin 
through flow meter 26, is allowed to pass through 
solenoid valve 54 because the appropriate values 
for G and C had been previously set during the 
calibration described above. As a result, the vol- 
ume of supercritical fluid transmitted to mixer 14 is 
accurately controlled, and there is essentially no 
delay in obtaining the appropriate proportion there- 
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of for transmission to the mixer 15. Similarly, the 
analog controller 16' is connected by lines 130 and 
152* to the resin flow meter 26. The analog control- 
ler 16* is operative in the same manner described 

5 above to essentially immediately open the solenoid 
valve 74, in response to flow of resin through flow 
meter 26, such that the appropriate volume of 
catalyst is transmitted to the mixer 15 for combina- 
tion with the mixture of resin and supercritical fluid. 

w A second control function provided by the ana- 
log controllers 16 and 16' involves adjustment of 
the duty cycle of the solenoid valves 54 and 74, 
respectively, at periodic intervals while the appara- 
tus 10 is operating. Depending upon the setting of 

15 the ratio comparators 134 and 134', such adjust- 
ment is made at relatively "long" intervals of time, 
such as on the order of about 10 seconds. This 
second control operation is therefore primarily a 
relatively minor and comparatively infrequent 

20 "trim" or adjustment of supercritical fluid and cata- 
lyst flow, which are otherwise controlled in re- 
sponse to signals from the resin flow meter 26 as 
discussed above. 

As noted above, the ratio comparator 134, for 

25 example, receives signals representative of the res- 
in flow rate from flow meter 26 and of the super- 
critical fluid flow rate from flow meter 48. The ratio 
comparator 134 functions to make a comparison 
between the actual ratio of the flow rates of super- 

30 critical fluid and resin, and the desired ratio. In the 
event the actual ratio varies from the desired ratio, 
an output is produced by ratio comparator 134 
which is input to integrator 146, i.e. at intervals of 
about 10 seconds, and the integrator 146, in turn, 

35 produces an error signal E. This error signal E is 
then multiplied within the multiplier 150 by the 
product of resin flow rate R and gain G, output 
from the potentiometer 158, as described above. 
The output from multiplier 150 is input to driver 

40 circuit 164 where it is combined with the output 
from potentiometer 168, i.e. the "C" value or time 
delay correction factor determined during the cali- 
bration procedure. The driver circuit 164 essentially 
subtracts the value C from the input from multiplier 

45 150 (E.R.G), in accordance with Equation (1) 
above, to produce an output T which is representa- 
tive of the "on" time required of the solenoid valve 
54 in order to introduce the proper volume of 
supercritical carbon dioxide to mixer 14. Depending 

50 upon the sensed error, the solenoid valve 54 is 
either opened for a shorter or longer time period, 
thus controlling the volume of supercritical carbon 
dioxide supplied to the mixer 14. The resin and 
catalyst are intermixed within the mixer 14, which, 

55 as described above, is constructed to allow for 
some degree of "catch up" or faster movement of 
supercritical fluid and/or supercritical fluid thereth- 
rough, so that such components are intermixed 
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prior to transmission to the second mixer 15. 

The analog controller 16* operates in the same 
manner as controller 16 to control the duty cycle of 
the solenoid valve 74 associated with the catalyst 
flow path. The R\ G f , E* and C values are all 
processed in the identical manner to obtain a time 
T\ output from driver circuit 164\ which controls 
solenoid valve 74. As a result, an accurately con- 
trolled proportion of both resin-to-supercritical fluid 
and resin-to-catalyst is obtained, independently of 
one another, during operation of apparatus 10. 

One important advantage of the above-de- 
scribed construction and operation of apparatus 10 
is that it is sensitive and rapidly adjustable to 
account for fluctuations in resin flow and pressure 
created by varying demands for liquid coating for- 
mulation. Depending upon the requirements of a 
particular application, one coating dispenser 12 
may be operating at a given time and then several 
dispensers 12 may be actuated in order to provide 
the desired coverage on objects to be coated. 
Moreover, different numbers of dispensers 12 may 
be intermittently turned on and off, thus further 
creating widely-fluctuating demand for the liquid 
coating composition. Depending upon how many 
dispensers 12 are opened, a corresponding flow 
and pressure fluctuation is produced in the resin 
supply line 24 which is "tracked", or proportion- 
ately matched, within each of the analog controllers 
16, 16', and in the differential pressure regulators 
44 and 64, so that a proper volume of supercritical 
carbon dioxide and catalyst is supplied to mixers 
14 and 15 for combination with the resin. And, such 
control of the supply of supercritical carbon dioxide 
and catalyst is obtained immediately, without refer- 
ence to any parameter of the mixture of such 
components, because (1) each of the analog con- 
trollers 16, 16' immediately process signals re- 
ceived from the resin flow meter 26 and control 
solenoid valves 54, 74, and (2) the differential pres- 
sure regulators 44 and 64 receive an immediate 
"signal" via transfer line 116 representative of pres- 
sure fluctuations within resin supply line 24 and 
then react to vary the pressure of the supercritical 
carbon dioxide and catalyst accordingly. As a re- 
sult, the ratios of resin-to-supercritical carbon-diox- 
ide, and resin-to-catalyst, can be accurately main- 
tained even at levels on the order of 100 to 1, and, 
comparatively low flow rates of either the super- 
critical carbon dioxide or catalyst can be accurately 
maintained, e.g. on the order of 3 ccm/min. 

When it is desired to change from one colored 
resin to another, the color changer 19 is operated 
to first clean the apparatus 10 of old resin before a 
second colored resin, such as resin 2 depicted in 
box 18, is introduced. As noted above, color 
change is made rapidly and efficiently in the ap- 
paratus 10 herein because a comparatively small 


amount of the system is directly exposed to the 
resin. Only the resin flow path and the elements 
associated therewith need be cleaned, i.e. the resin 
regulator 22, valves 32, 34, 36 and 84, mixers 14, 

5 15, and dispensers 12, as well as the resin supply 
line 24. None of the lines or other system elements 
associated with the supercritical fluid flow path or 
catalyst flow path come into contact with the resin 
except at the mixers 14 and 15. Accordingly, the 

io color change operation can be performed in a short 
period of time while the flow of the supercritical 
fluid and catalyst is temporarily shut down, such as 
by closing shut-off valves 58 and 78, respectively. 
While the apparatus 10 is shown with the 

75 supercritical fluid being intermixed with the resin 
prior to addition of the catalyst, the order of mixing 
is not considered to be critical and could be re- 
versed. That is, the catalyst could be mixed with 
the resin prior to introduction of the supercritical 

20 fluid. Additionally, it is contemplated that more than 
three components could be intermixed in accor- 
dance with the teachings of this invention, if re- 
quired in a particular application, by simply adding 
additional flow paths, analog controllers and mixers 

25 having essentially the same construction as those 
described above. 

Claims 

30 1- Apparatus for controlling the relative proportion 
of two components within a coating material 
formulation, comprising a mixer for combining 
the components to form the coating material 
formulation, first supply means for supplying 

35 the first component at a first flow rate along a 

first flow path to the mixer, second supply 
means for supplying the second component 
along a second flow path, which is separate 
from the first flow path, to the mixer, the sec- 

40 ond supply means including means for adjust- 

ing the flow rate of the second component as a 
function of the flow rate of the first component 
and colour changer means for introducing a 
first component of different colour into the first 

45 flow path. 

2. Apparatus according to Claim 1 in which the 
first component is a resin. 

50 3- Apparatus according to Claim 1 or 2 in which 
the second component is a fluid diluent chosen 
from the group of supercritical fluids and 
liquified gases. 

55 4. Apparatus according to Claim 1 or 2 in which 
the second component is a catalyst. 


12 


EP 0 605 137 A1 


5. Apparatus according to any preceding claim 
comprising a second mixer for combining a 
third component with the mixture of the first 
and second components and third supply 
means for supplying the third component to s 
the second mixer at a third flow rate which is 
dependent on the first flow rate of the first 
component. 

6. Apparatus according to Claim 5 in which the w 
third supply means includes means for adjust- 
ing the pressure at which the third component 

is supplied to the second mixer as a function 
of the pressure of the first component. 

15 

7. Apparatus according to any preceding claim in 
which the second supply means includes 
means for adjusting the pressure at which the 
second component is supplied to the first mix- 
er as a function of the pressure of the first 20 
component. 

8. A method of controlling the relative proportion 
of a resin, a supercritical fluid and a third 
component within a coating material formula- 25 
tion, comprising supplying the resin at a first 
pressure and a first flow rate to a first mixer, 
supplying the supercritical fluid to the first mix- 
er at a first flow rate, and at a second pressure 
which is a function of the first pressure and 30 
which is in excess of the critical pressure of 

the supercritical fluid, combining the resin and 
supercritical fluid within the first mixer to form 
a first mixture, supplying the third component 
to a second mixer at a second flow rate, and at 35 
a third pressure which is a function of the first 
pressure, and combining the first mixture and 
the third component within the second mixer to 
form the coating material formulation. 

40 

9. A method according to claim 8 comprising the 
steps of comparing the ratio of the first and 
second flow rates with a predetermined ratio 
thereof, producing a signal representative of 

the comparison, and controlling the flow of the 45 
supercritical fluid to the first mixer dependent 
on the signal. 

10. A method according to Claim 8 or 9 compris- 
ing the steps of comparing the ratio of the first so 
and third flow rates with a predetermined ratio 
thereof, producing a signal representative of 

the comparison and controlling the flow of the 
third component to the second mixer depen- 
dent on the signal. 55 
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